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Abstract:  The LiteSteel Beam (LSB) is a new hollow flange channel section developed by 
OneSteel Australian Tube Mills using their patented dual electric resistance welding and 
automated continuous roll-forming process. It has a unique geometry consisting of torsionally 
rigid rectangular hollow flanges and a relatively slender web. The LSBs are commonly used 
as flexural members in buildings. However, the LSB flexural members are subjected to lateral 
distortional buckling, which reduces their member moment capacities. Unlike the commonly 
observed lateral torsional buckling of steel beams, the lateral distortional buckling of LSBs is 
characterised by simultaneous lateral deflection, twist, and cross sectional change due to web 
distortion. An experimental study including more than 50 lateral buckling tests was therefore 
conducted to investigate the behaviour and strength of LSB flexural members. It included the 
available 13 LSB sections with spans ranging from 1200 mm to 4000 mm. Lateral buckling 
tests based on a quarter point loading were conducted using a special test rig designed to 
simulate the required simply supported and loading conditions accurately. Experimental 
moment capacities were compared with the predictions from the design rules in the Australian 
cold-formed steel structures standard. The new design rules in the standard were able to 
predict the moment capacities more accurately than previous design rules. This paper presents 
the details of lateral distortional buckling tests, in particular the features of the lateral 
buckling test rig, the results and the comparisons. It also includes the results of detailed 
studies into the mechanical properties and residual stresses of LSBs. 
Keywords: LiteSteel beam, Flexural members, Lateral distortional buckling; Buckling tests, 
Cold-formed steel structures, Hollow flanges, Slender web. 
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1.  Introduction 
The use of thin-walled, cold-formed high strength steel products in the building industry has 
significantly increased in recent years. With the availability of advanced roll-forming 
technologies and thin and high strength steels, cold-forming process has become efficient and 
economical, capable of producing a variety of efficient sections. Although cold-formed steel 
members are considered to be more cost efficient than hot-rolled steel members, they suffer 
from many complex buckling modes and their interactions because they are usually open 
slender sections that are either unsymmetric or singly symmetric. Therefore advanced cold-
formed steel sections, called the Hollow Flange Sections, were introduced by OneSteel 
Australian Tube Mills (OATM) to replace the conventional cold-formed C- and Z- sections 
and smaller hot-rolled I- and channel sections [1,2].  
 
The Hollow Flange Sections (HFS) form a new group of cold-formed steel sections made of 
two torsionally rigid closed flanges and a slender web. Their unique geometry and light 
weight make them more efficient than hot-rolled steel members. The first HFS developed by 
OATM is known as Hollow Flange Beam (HFB) as seen in Figure 1. Although the HFB 
sections were discontinued by late 1990s, OATM has since improved their patented dual 
electric resistance welding and automated continuous roll-forming technologies and built a 
mill that is capable of producing a range of improved hollow flange sections (HFS) with 
varying web and flange sizes. The first of the improved HFS is the LiteSteel Beam (LSB) 
shown in Figure 2. The high strength steel material used for LSBs is a DuoSteel grade with 
nominal web and flange yield stresses of 380 MPa and 450 MPa, respectively. Although the 
base steel has a yield stress of 380 MPa, the cold-forming process improves the yield stress of 
LSB flanges to 450 MPa. Currently there are 13 LSB sections with their depth in the range of 
125 mm to 300 mm while their hollow flange width varies from 45 mm to 75 mm. The 
thickness of steel used is in the range of 1.6 mm to 3.0 mm. Table 1 shows the external 
dimensions of currently available LSB sections. 
 
The LSBs are commonly used as flexural members, for example floor joists and bearers in 
residential, commercial and industrial buildings. When LSBs are used as flexural members, 
they are subjected to a relatively new Lateral Distortional Buckling mode, which reduces their 
member moment capacities, particularly for intermediate spans. Unlike the commonly 
observed lateral torsional buckling of steel beams, the lateral distortional buckling of LSBs is 
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characterised by simultaneous lateral deflection, twist and cross sectional change due to web 
distortion as shown in Figure 3. 
 
Elastic lateral buckling of channel section beams has been investigated and summarised in 
many books [3-6]. Effects of lateral distortional buckling on the strength behaviour of 
conventional I-sections were investigated first by Hancock et al. [7] and Bradford [8]. Elastic 
lateral distortional buckling of HFBs in uniform bending was investigated by Dempsey [1] 
using a finite strip method. Mahendran and Doan [9] investigated the experimental behaviour 
of HFBs whereas Avery et al. [10] continued this research using finite element analyses, and 
developed suitable design equations. Avery and Mahendran [11] investigated the use of web 
stiffeners to eliminate the lateral distortional buckling of HFBs. Pi and Trahair [12] also 
investigated the behaviour of HFBs using a nonlinear inelastic method to analyse the lateral 
distortional behaviour of HFBs. However, the ultimate strength behaviour of the new mono-
symmetric LSB flexural members subject to lateral distortional buckling has not been 
investigated. Effects of mono-symmetric cross-section, web distortion, initial geometric 
imperfections, residual stresses and stress-strain characteristics on the lateral distortional 
behaviour of LSBs are not known. Therefore a detailed experimental study was conducted to 
investigate the lateral distortional buckling behaviour of LSB flexural members. 
 
More than 50 lateral buckling tests of LSBs with varying spans were conducted in this study. 
Simply supported beams were tested to failure using a quarter point loading method. A 
special test rig was used to simulate the ideal loading and support conditions required for 
lateral buckling tests. This paper describes the lateral buckling tests of LSBs, their results and 
comparisons with the predictions from the current design rules in AS/NZS 4600 [13]. It also 
includes the results of mechanical properties of steel, and initial imperfections and residual 
stresses of LSBs. 
 
2. Experimental Investigation 
2.1 General  
Two series of lateral buckling tests were carried out in this investigation. In the first series of 
more than 35 tests, test beams were only held via their web elements at the supports. This 
could have reduced their moment capacities due to the occurrence of local flange twist. 
Although this effect can be minimised or eliminated by plotting the test moment capacity 
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results in a non-dimensional moment capacity format using the appropriate elastic lateral 
distortional buckling moments from numerical analyses, the use of ideal simply supported 
boundary conditions as required for the lateral buckling tests is desirable to eliminate such 
twisting. The first series of tests also did not include shorter spans. Further, the LSB 
manufacturers made some changes to the steels used in LSB sections, and also improved their 
manufacturing process. Hence it was decided to undertake a second series of 12 lateral 
buckling tests. Some of the tests in the second series considered the same spans used in the 
first series for comparison purposes while other tests considered shorter spans subject to 
lateral distortional buckling. In most of the tests in the second series improved simply 
supported conditions without local flange twist were used. 
 
2.2 Test Specimens 
Test Series 1 included all the available 13 LSBs in order to investigate the effects of section 
geometry, thickness and yield stress of steel. Test beam span was varied from 1200 to 4000 
mm to produce a large range of beam slenderness. Test Series 2 considered six LSBs with the 
same range of spans. Details of specimens used in Test Series 1 and 2 are given in Tables 2 
and 3, respectively. 
 
Test beam dimensions of depth (d), flange width (bf) and flange depth (df), and the 
thicknesses of inside and outside flanges (tif and tof) and web (tw) were measured before 
testing. Accurate thickness of each plate element is important to obtain the elastic lateral 
distortional buckling moment as a small change in thickness could lead to a large change in 
the buckling capacities. The base metal thicknesses of web and flange elements measured in 
the tensile coupon tests were used in this study. Tables 2 and 3 present the measured LSB 
dimensions and thicknesses. It can be seen that the outer flange thickness (tof) is larger than 
the nominal thickness while the web thickness (tw) is smaller than the nominal thickness due 
to the variation in cold-working within the section. The measurements of small corners were 
not taken as it was difficult to measure them accurately, and it was decided to use the nominal 
corner dimensions provided by the manufacturers, i.e. outer radius ro is equal to twice the 
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2.3  Mechanical Properties, Initial Imperfections and Residual Stresses 
The unique cold-forming and dual electric resistance welding process of LSBs introduce 
considerable differences to the stress-strain curves, residual stresses and initial geometric 
imperfections compared with the conventional hot-rolled and cold-formed steel sections. 
Accurate stress-strain curves, residual stresses and initial geometric imperfections are 
essential to predict the member moment capacities of LSBs. The LSBs used in Test Series 1 
were manufactured from a single strip of TF380 coil while the currently available LSB 
sections as used in Test Series 2 are made from a single strip of G60 galvanized steel. The 
mechanical properties of LSBs were measured using tensile coupon tests while their initial 
geometric imperfections and residual stresses were measured using a special imperfection 
measuring equipment and the commonly used sectioning method, respectively.  
2.3.1 Tensile Coupon Tests to Determine the Mechanical Properties 
Tensile tests of more than 100 steel coupons taken from LSBs were conducted to determine 
the mechanical properties using the procedure specified in AS 1391 [14]. The coupons were 
cut in the longitudinal direction from three locations of LSB, namely the outside flange, inside 
flange and web. The coating was removed by immersing the coupons in a diluted 
hydrochloric acid basin before testing. Test specimen thicknesses and widths were measured 
using a micrometer and a vernier calliper, respectively. Two strain gauges and an 
extensometer were used in the middle of the specimen to measure the strains. Tensile coupons 
were loaded in a universal testing machine until fracture. The ultimate tensile stress (fu) was 
the maximum stress obtained from the stress-strain curve while the yield stress (fy) was 
calculated based on the 0.2% proof stress (flange elements). Average test yield and ultimate 
tensile strength results derived based on the measured base metal thicknesses are summarised 
in Table 4 while the typical stress-strain curves for the web and flange elements are given in 
Figure 4. 
 
Test results show that the measured yield stresses (fy) exceed the nominal web and flange 
yield stresses of 380 and 450 MPa. The web and flange yield stresses varied depending on the 
thickness and LSB section. The average yield stresses of the outside and inside flanges and 
web were 520, 465 and 412 MPa in the case of Test Series 1 whereas they were 548, 494 and 
448 MPa in Test Series 2. It is clearly seen that most of the yield stresses for the new LSBs 
used in Test Series 2 are higher than those of Test Series 1. On average the yield and ultimate 
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stresses were increased by about 8% and 3%, respectively. Higher yield stresses and the lack 
of a yield plateau in the stress-strain curve of flange elements indicate the higher level of 
cold-working in the flanges. The modulus of elasticity (E) was also determined from the 
coupon tests. The difference in E values between the two test series was small and the average 
values were were 207 GPa for flange elements and 205 GPa for web elements. 
 
2.3.2 Initial Geometric Imperfection Measurements 
The magnitudes of initial geometric imperfections in LSBs were determined through 
measurements of the final profile of formed LSB specimens using an imperfection measuring 
equipment shown in Figure 5. It included a levelled table with guided rails with an accuracy 
of 0.01 mm, a laser sensor, travelator to move the sensor and a data logger. The specimens 
were located on the table and levelled using the adjustable screws of the table and clamped. 
The laser sensor was then moved along the specimen while taking the readings at 100 mm 
intervals in the longitudinal direction to determine the local flange and web imperfections and 
the overall member imperfections of LSBs. 
 
The results showed that the measured local plate imperfections are within the manufacturer’s 
fabrication tolerance limit of depth or width/150 while the overall member imperfections are 
less than the recommended limit of span/1000 [15]. This demonstrates that the unique 
manufacturing process of LSB does not lead to geometric imperfections that exceed the 
currently accepted fabrication tolerances. The measured geometric imperfection values and 
distribution can be used in the numerical modelling of LSBs to improve its accuracy of 
simulating the structural behaviour of LSBs. 
 
2.3.3 Residual Stress Measurements 
The residual stresses due to combined cold-forming and electrical resistance welding process 
can have a significant effect on the flexural behaviour and strength of LSB sections. Unlike 
other cold-formed steel sections, the LSB sections have both flexural and membrane residual 
stresses due to cold-forming and welding processes. A series of residual stress tests was 
conducted for 150x45x1.6 LSB, 250x75x2.5LSB and 300x75x3.0LSB sections taken from 
both Test Series 1 and 2. The most commonly used sectioning method was used as shown in 
Figure 6. Strain gauges were attached to the inner and outer surfaces of the web, inside and 
outside flange elements of 600 mm long LSBs to determine both the membrane and flexural 
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residual stresses in the longitudinal direction. The specimen was first cut across the cross-
section on either side of the strain gauges using a band saw, which was followed by 
longitudinal cuts into small pieces (Figure 6). Strain gauge readings were recorded after each 
cut, and also after one hour and 24 hours of the final cut to allow for temperature effects.  
 
The measured strains are the released residual strains due to sectioning. Final released strains 
were calculated from the difference between the strain gauge readings taken before the test 
and after 24 hours of the final cut. These released strains were converted to stresses using the 
modulus of elasticity. It is assumed that all the residual stresses were released during the 
sectioning process. Therefore the residual stresses are equal to the calculated released stresses 
in magnitude, but with an opposite sign, i.e, released tensile stresses are equal to compressive 
residual stresses and vice versa. The residual stresses on the inside and outside surfaces were 
then used to calculate the membrane and flexural residual stresses. Due to the difficulties of 
attaching the strain gauges at the inside corners, the measured residual stresses were 
extrapolated to the corners and further simplifications were also made to determine the 
idealised membrane and flexural residual stress distributions in LSBs. 
 
Table 5 check presents the membrane residual stress values for all the LSBs whereas Figure 7 
shows the idealised membrane and flexural residual stress distributions in 150x45x1.6 LSB as 
a ratio of the virgin plate’s yield stress of 380 MPa. The flexural residual stress distribution 
shown in Figure 7(b) is the same for all the LSB sections whereas the left flange membrane 
residual stress varies among LSB sections to ensure zero net axial force in their cross-
sections. 
 
Figure 7 shows that both membrane and flexural residual stresses are present in LSBs since 
they are manufactured using a combined cold-forming and welding process. It also shows that 
the magnitude of residual stress varies across the cross-section. There are considerably large 
membrane stresses in the web due to the welding of the section. However, flanges are 
governed by flexural residual stresses instead of membrane residual stresses. The maximum 
flexural residual stress was recorded in the corner of the outside flange (1.07fy) while that 
recorded in the web was 0.60fy. Tensile test results show that flange yield stress (558 MPa) is 
much higher than the virgin plate yield stress of 380 MPa due to the cold-forming process. 
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Therefore residual stresses recorded in the flange corners were more than the virgin plate 
yield stress (1.07fy). 
 
The membrane and flexural residual stresses along the web element of LSB sections from 
Test Series 2 were found to be less than those determined for Test Series 1, in particular 
membrane residual stresses. This is considered to be due to the improvements to the LSB 
manufacturing process. Seo et al. [16] found that flexural residual stresses play a significant 
role in the reduction of moment capacities while the membrane residual stresses have lesser 
effects. Further, the web membrane residual stresses were found to have only a limited effect 
when compared to the flange membrane residual stresses on the moment capacities of LSBs. 
Hence the flexural residual stress distribution obtained from LSBs in Test Series 1 was 
adopted as shown in Figure 7(b) while the membrane residual stress distribution obtained 
based on Test Series 1 LSBs was modified for the web element and the left flange. The web 
membrane residual stress values were changed from 0.60fy and -0.41fy to 0.50fy and -0.50fy at 
the middle of the web and web-flange junction, respectively. The left flange membrane 
residual stress value was slightly modified from 0.23fy to 0.2567fy for 150x45x1.6LSB 
(Figure 7(a)). Final membrane residual stress values for all the LSB sections are given in 
Table 5. 
 
2.4 Test Method 
In the lateral buckling tests a uniform bending moment can be simulated using two different 
testing arrangements, the overhang loading method and the quarter point loading method. In 
the overhang loading method, loads are applied on either side of the supports that will 
produce a uniform bending moment within the entire span. In the quarter point loading 
method, loads are applied at quarter points within the span and a uniform moment is produced 
between the loading points. Zhao et al. [17] and Mahendran and Doan [9] conducted lateral 
buckling tests of cold-formed RHS beams and hollow flange beams, respectively, using the 
overhang loading method. Put et al. [18] used the quarter point loading method in their 
investigation. Pokharel and Mahendran [19] used the quarter point loading method to 
investigate the bending moment capacities of LSBs with web holes. Kurniawan and 
Mahendran [20] found that the moment modification factor is closer to 1.0 for LSBs under 
quarter point loading. Preliminary tests in Series 1 considered both the overhang and the 
quarter point loading methods and it was found that the overhang loading system caused some 
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undesirable warping effects due to the overhang component of the test beam. Therefore, both 
series of tests were conducted using the quarter point loading method.  Figure 8 shows the 
schematic diagram of the quarter point loading method used in this research.  
 
2.5 Test Set-up 
In order to conduct the lateral buckling tests a suitable test rig was carefully designed, 
fabricated and built in the Structures Laboratory. This special test rig was used to simulate a 
uniform moment between the quarter points of LSB flexural members. It included special 
support conditions that prevented the in-plane and out-of-plane deflections and twisting 
rotation without restraining in-plane and out-of-plane rotations and warping displacements. 
Also it was capable of applying the load through the shear centre of the mono-symmetric LSB 
sections with no twisting and lateral restraints to the test beam. Figure 9 shows the overall 
view of the test rig that consisted of a support system and a loading system, which were 
attached to an external frame consisting of two main beams and four columns. The wheel 
system facilitates loading jacks to move laterally in both directions (along and across the test 
beam) without creating any restraints. 
2.5.1 Support System 
Figure 10 shows the support system at one end of the beam. The support at the other end was 
the same except that the side bearing was prevented from rolling along the running track by 
horizontal stops. The in-plane vertical movements and lateral movements were prevented by 
the running tracks and side guides. The box-frame with the side bearings allowed the test 
beam to rotate about its major axis while the top and bottom bearings allowed minor axis 
rotation and differential flange rotations (about the minor axis) associated with warping 
displacement rotations. The two supports were aligned to ensure that the vertical deflections 
remained in the same plane. The test beam was connected to the support system by using four 
M10 bolts and a 10 mm thick clamping plate. This plate was used to prevent web crippling 
and twisting of the section at the supports. 
 
Test Series 1 in this study did not fully restrain the LSB flanges from twisting as they relied 
only on the steel plates clamped to the full height of the web. This does not prevent the 
localised twisting of LSB flanges as observed during the tests (Figure 11(a)). This could 
reduce the lateral buckling moment capacity of LSBs. Therefore an attempt was made to 
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eliminate the localised flange twist by welding a 6 mm thick plate stiffener between the inner 
faces of the flanges in Test Series 2. Figure 12 shows the flange twist restraint arrangement 
used in these tests. Since the weld at the inner face of the flanges was a small “tack” weld, its 
effect was considered negligible. These welds were used to hold the plates in position and 
would not have created any undesirable residual stresses. 
2.5.2 Loading System 
A loading system was designed in order to apply two vertical loads at the quarter points 
through the shear centre, which would produce a uniform bending moment between the 
loading points. In this loading system, two hydraulic rams were connected to a specially 
designed wheel system at one end and to a load cell at the other end. The load cell was then 
connected to a universal joint and then to the loading point (shear centre) of the test beam. 
This system was operated under displacement control with identical loads being applied at 
both loading points. Figures 13 (a) and (b) show the wheel system and hydraulic pump, 
respectively, used in this loading arrangement. The use of two sets of wheels that allowed free 
translations longitudinally and transversely ensured that the loading arm was always located 
vertically when the test beam deformed in-plane under the applied loading. Figure 13 (c) 
shows the loading arm assembly with a universal joint. The universal joint at the wheel 
system and the connecting arm ensured that the load was applied at the shear centre without 
applying a torque to the beam and the load acted in the vertical plane when the beam 
deformed in-plane. Therefore all six degrees of freedom were considered unrestrained at the 
loading positions of the test beam. The loading arm was connected to the test beam at its 
centroid level using 3 M10 bolts. A steel plate of appropriate thickness was inserted between 
the loading arm and the test beam web so that the loading arm was located at the shear centre. 
This ensured the elimination of load height and torsional loading effects. Figure 13 (d) shows 
the overall view of the quarter point loading system. 
2.5.3 Measuring System 
The applied vertical loads at quarter points were measured by two load cells of capacity 60 
kN each that were connected to the two loading arms. The vertical deflections were measured 
at mid-span and the bottom flange of two loading points using three wire displacement 
transducers. The lateral deflections of top and bottom flanges at mid-span were also measured 
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using two wire displacement transducers.  All the load and displacement measurement units 
were connected to a data acquisition system.  
2.6 Test Procedure 
Test specimen was first connected to the support and loading systems. Two vertically upward 
loads were then applied gradually using a manually operated hydraulic pump while the test 
data was recorded continuously at one second intervals. The applied load started to drop off 
when the test beam buckled out-of-plane. The loading was continued until the test beam failed 
by out-of-plane buckling. In many tests it was continued after failure to obtain the unloading 
characteristics of the test beam. The average of the measured quarter point loads was used to 
calculate the applied uniform moment between the loading points. Figure 14 shows a typical 
LSB specimen after failure. 
 
3. Experimental Results and Discussions  
Preliminary experiments in Test Series 1 considered both overhang and quarter point loading 
methods. Test results showed that the overhang loading method over-predicted the failure 
moment by about 12% due to warping at the supports. In this paper the results of 29 tests 
undertaken using the quarter point loading method were considered (Table 2). The test beam 
failure was due to lateral distortional buckling in most cases. In the initial loading stages, the 
top and bottom flanges slowly started to move laterally until its elastic buckling moment was 
reached. As the applied moment reached its ultimate capacity, the lateral deflection of the top 
and bottom flanges increased rapidly and the beam collapsed by lateral distortional buckling 
modes as shown in Figure 14. For very long spans, the test beam appeared to have failed due 
to lateral torsional buckling (no web distortion) while in the case of slender LSB sections 
elastic local buckling of web was also noted. These local web buckles were not seen until 
after the ultimate failure.  
 
Test Series 2 of this study included 12 lateral buckling tests. The first four tests did not 
include the flange twist restraints whereas the remaining eight tests included them (Table 3). 
All the test beams except 150x45x1.6 LSB with a span of 1.2 m failed due to lateral 
distortional buckling (Figure 14). In some tests, local web buckling effects were seen after the 
ultimate load was reached (Figure 15). Shear buckling was observed between the loading 
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points and the support for 150x45x1.6 LSB with a 1.2 m span. Flange twist was not observed 
in test beams with web stiffeners at the supports (see Figure 11(b)).  
 
Figures 16 (a) and (b) show the typical applied moment versus vertical and lateral deflection 
curves obtained from the tests. Other results are given in [21,22]. Tables 6 and 7 summarise 
the ultimate failure moments (Mu) and the type of failure for the tested beams in Series 1 and 
2, respectively. The comparison of test results reveals that all the test beams of Series 2 except 
300x60x2.0 LSB have higher lateral buckling moment capacities than those of Series 1. This 
improvement is considered to be due to the improved manufacturing process of LSBs and the 
resulting reduced residual stress effects, the use of a higher strength steel and the improved 
simply supported boundary conditions with flange twist restraints in the tests. 
 
4.  Comparisons with the Current Design Rules 
The ultimate failure moments from both series of tests were compared with the predicted 
moment capacities of the design rules in AS/NZS 4600 [13,23]. Although the ultimate 
moments from Test Series 1 were slightly less than those from Test Series 2, plotting them 
using a non-dimensional moment capacity-slenderness format would minimise or eliminate 
the effects of these differences caused by section sizes, yield stresses and support conditions. 
Since Kurniawan and Mahendran [20] showed that the moment modification factor for 
quarter point loading of LSB flexural members can be taken as 1.0, the ultimate moment 
capacities from tests were not adjusted for any non-uniform moment distribution effects. 
  
Clause 3.3.3.3 (b) of AS/NZS 4600 [13] outlines the design rules for members subject to 
bending under distortional buckling that involves transverse bending of a vertical web with 
lateral displacements of the compression flange. In this case, the nominal member moment 





For hollow flange beams, it is appropriate to determine the effective section modulus (Ze) at a 
stress corresponding to Mc/Z, where Mc is the critical moment as defined in Equations 2 (a) to 
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  For    λd ≤ 0.59:  Mc = My (2a)  







 (2b)   









The critical moment based on AS/NZS 4600 [23] is given by Equations 3 (a) and (b). 







        (3a) 







       (3b) 
The non-dimensional member slenderness λd is given by 
 




λ =   (4)   
where Mod is the elastic lateral distortional moment and My is the first yield moment. The 
elastic lateral distortional buckling moment Mod of hollow flange beams can be calculated 
using Pi and Trahair’s [12] equations (Equations 5 and 6) or an elastic buckling analysis 

















EIM weyod ππ  (5) 
where  
 EIy = minor axis flexural rigidity 
 EIw = warping rigidity 
 GJe = effective torsional rigidity 
 L = span 
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 GJf = flange torsional rigidity 
 t = nominal thickness 
 d1  = clear web depth 
 
The first yield moment My is given by  
      My = Z fy    (7) 
where Z is the elastic section modulus and fy is the yield stress. 
 
In order to determine the accurate values of elastic lateral distortional buckling moments 
(Mod) of tested LSBs, the measured plate thicknesses and section dimensions including 
corners were used. For this purpose, Thin-Wall, capable of modelling LSBs with corners and 
varying web and flange thicknesses, was used to determine the Mod values of tested LSBs.  It 
should be noted that Mod values from Thin-Wall were slightly higher than the actual Mod 
values for those tests carried out without flange twist restraints (Test Series 1 and some tests 
of Test Series 2) as Thin-Wall assumes idealised simply supported boundary conditions at the 
supports, ie. assumes flange twist restraint. The elastic section modulus (Z) values of tested 
beams were also determined using Thin-Wall as part of the elastic buckling analyses above. 
They were then used to calculate the first yield moments (My) of tested LSBs using Eq.7 and 
the measured yield stress of outer flange. Tables 6 and 7 present the values of Z, My and Mod 
values of tested beams. 
 
The ultimate moment capacity and slenderness results were non-dimensionalised for the 
purpose of comparison with design rules. The test beam capacity (Mu) and the AS/NZS 4600 
[13] moment capacity (Mb) based on Eqs.2(a)-(c) are plotted as Mu/My and Mb/My on the 
vertical axis whereas the non-dimensional member slenderness λd calculated using Eq.4 is 
plotted on the horizontal axis (see Tables 6 and 7). Figure 17 shows the comparison of test 
moment capacities with the current design rules in AS/NZS 4600 [13].  
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Most of the experimental results from Test Series 2 were found to be higher than AS/NZS 
4600 [13] predictions. The Mu/My values from Test Series 2 in Table 7 were compared with 
the predictions of AS/NZS 4600 [13], and the mean and COV of the ratio Mu/My values were 
found to be 1.13 and 0.106 with a maximum value of 1.24 and a minimum value of 0.85. One 
of the test results was not considered as the ultimate failure was affected by premature shear 
failure (see Table 7). It was found that the test results were on average about 13% higher than 
the predictions from the current design rules in AS/NZS 4600 [13]. Similarly, the Mu/My 
values from Test Series 1 in Table 6 were compared with the predictions of AS/NZS 4600 
[13], and the mean and COV of the ratio Mu/My values were found to be 1.03 and 0.106 with 
a maximum value of 1.30 and a minimum value of 0.87. Only a few test results were less than 
the predictions from the current design rules. Overall, the current design rules in AS/NZS 
4600 [13] are conservative when compared to the test results from both test series. 
 
The ultimate moment capacities of LSBs from both test series were also compared with the 
predictions based on AS/NZS 4600 [23] design rules given by Eqs.3(a)-(b) in Figure 18. This 
comparison clearly shows the unconservative predictions of AS/NZS 4600 [23] design rules 
and confirms that the new design rules in AS/NZS 4600 [13] for lateral distortional buckling 
are more accurate. Table 8 provides the mean, COV and capacity reduction factors (Φ) for the 
comparisons with design rules. The Φ factor was calculated based on a statistical model 
recommended by the North American Specification for Cold-formed Steel Structures [24]. 
This model accounts for the variations in material, fabrication and loading effects.   
 
In this study all the test ultimate moment capacities were compared with the current design 
rule predictions in a non-dimensionalised format by using the measured LSB dimensions, 
thicknesses and yield stresses, and Thin-Wall to calculate the accurate values of Mod and My. 
This approach allowed the comparison of all the test results in the same plot despite the 
differences in thicknesses and yield stresses while also allowing for the effect of corners to be 
included. Including the effects of corners and varying thickness and yield stress was 
considered important when comparing with test results. However, in Test Series 1 and in 
some tests in Test Series 2, local flange twist was not fully eliminated at the supports. This 
could have lead to slightly reduced Mod values and thus lower moment capacities in the tests, 
but non-dimensional plots would have eliminated this effect. Since exact Mod values could not 
be measured during the tests they were calculated using Thin-Wall and used in the 
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calculations of non-dimensional slenderness (λd). However, Thin-Wall assumes twist restraint 
of the entire cross-section at the supports, and thus it would have given higher Mod values for 
the tested beams without flange twist restraint. This implies slightly lower λd values and hence 
higher predictions from AS/NZS 4600 [13], leading to slightly lower ratios of experimental to 
AS/NZS 4600 capacities. 
 
In summary, the calculated ratios of ultimate moment capacities from experiments and 
AS/NZS 4600 [13] are likely to be slightly higher if the effects of flange twist restraint were 
included by using the exact Mod values. However, since the mean values of this ratio are 1.03 
and 1.13 for Test Series 1 and 2 (Table 8), it is concluded that the current design rules in 
AS/NZS 4600 [13] are to be considered as conservative in comparison with the results from 
both test series. 
 
In order to investigate the effect of flange twist restraint (FTR) preliminary finite element 
analyses were undertaken for two LSBs with and without FTR. Table 9 shows the ratios of 
Mod and Mu of these LSBs while Figure 19 shows the typical elastic buckling failure modes of 
LSB with and without flange twist restraint. The Mod values are on average about 10% higher 
for the beams with flange twist restraint while the Mu values are on average about 8% higher. 
However the non-dimensional slenderness λd is reduced by only 5% by considering the beams 
with flange twist restraint. This confirms that the effect of not including the effect of FTR in 
the analysis of some of the test results is not significant. 
 
When both test series results (total of 40 tests) were considered, the overall mean and COV 
values of 1.05 and 0.11 were obtained with a capacity reduction factor of 0.91 based on 
AS/NZS 4600 [13] design rules. This is greater than the recommended capacity reduction 
factor of 0.90. Hence it confirms that the current AS/NZS 4600 [13] deign rules are 
conservative. Therefore it may be possible to improve the current design rules further. A 
capacity reduction factor of 0.74 revealed that the design rules in AS/NZS 4600 [23] are 
unconservative. This study has also shown that despite improved manufacturing process and 
the use of higher strength steel for LSBs, the same design rules can be used conservatively. 
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5. Conclusions 
This paper has described an experimental study on the lateral distortional buckling behaviour 
and moment capacities of LSB flexural members and presented its results. More than 50 
lateral buckling tests were conducted as part of two test series using a special test rig designed 
to accurately simulate the required simply supported and loading conditions. All the available 
13 LSBs were considered with spans ranging from 1200 mm to 4000 mm. Experimental 
moment capacity results from the tests were compared with the predictions from the design 
rules in AS/NZS 4600 [13,23]. This comparison showed that the new lateral distortional 
buckling design rules in AS/NZS 4600 [13] are able to predict the member moment capacities 
of LSBs. The new design rules were found to be conservative and thus it may be possible to 
improve them further. The design rules in AS/NZS 4600 [23] were found to be 
unconservative, which justifies their replacement with the new design rules in AS/NZS 4600 
[13]. This paper has also presented the results of the mechanical properties and residual 
stresses of LSBs, which can be used in the numerical models of LSBs. 
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Figure 1: Hollow Flange Beams 
 
  












































Figure 3: Lateral Distortional Buckling of LSBs 























































Figure 5: Initial Geometric Imperfection Measurements 
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Figure 6:  Residual Stress Measurements Using Sectioning Method
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  (a) Without Web  Stiffener               (b) With Web Stiffener  
 
















































































(b) Hydraulic Pump 
(a) Wheel System 
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Figure 15: Local Web Buckling of Slender LSBs after Ultimate Failure 
 
  




(a). Moment versus Vertical Deflection 
 
 
(b) Moment versus Lateral Defelection 
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Figure 17: Comparison of Experimental Failure Moments of LSBs with AS/NZS 4600 
(SA, 2005) Predictions 
 
  






Figure 18: Comparison of Experimental Failure Moments of LSBs with AS/NZS 4600 
(SA, 1996) Predictions 
 
  
















Figure 19: Typical Elastic Buckling Failure Modes from FEA 
 
(a) with FTR (b) without FTR 
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d x bf x t  
mm  mm  mm  mm kg/m 
300 x 75 x 3.0 LSB 25.0 14.4 
300 x 75 x 2.5 LSB 25.0 12.1 
300 x 60 x 2.0 LSB 20.0 8.71 
250 x 75 x 3.0 LSB 25.0 13.3 
250 x 75 x 2.5 LSB 25.0 11.2 
250 x 60 x 2.0 LSB 20.0 7.93 
200 x 60 x 2.5 LSB 20.0 8.81 
200 x 60 x 2.0 LSB 20.0 7.14 
200 x 45 x 1.6 LSB 15.0 4.90 
150 x 45 x 2.0 LSB 15.0 5.26 
150 x 45 x 1.6 LSB 15.0 4.27 
125 x 45 x 2.0 LSB 15.0 4.87 
125 x 45 x 1.6 LSB 15.0 3.95 
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Table 2: Details of Specimens in Test Series 1 
LSB Section Span (mm) 
Thickness (mm) 
d (mm) bf  (mm) df (mm) tof tif tw 
300x75x3.0 4000 3.18 3.18 2.84 300 75.31 25.17 
300x75x2.5 4000 2.87 2.87 2.51 300 75.24 25.05 
300x60x2.0 4000 2.15 2.15 1.98 300 60.28 19.97 
300x60x2.0 3000 2.15 2.15 1.98 300 60.28 19.97 
250x75x3.0 4000 3.08 3.08 2.77 250 76.35 25.22 
250x75x2.5 4000 2.79 2.79 2.48 250 75.98 24.92 
250x75x2.5 3000 2.79 2.79 2.48 250 75.98 24.92 
250x60x2.0 4000 2.09 2.09 1.96 250 60.47 20.12 
250x60x2.0 3000 2.09 2.09 1.96 250 60.47 20.12 
200x60x2.5 4000 2.58 2.58 2.34 200 60.23 19.95 
200x60x2.5 3500 2.58 2.58 2.34 200 60.23 19.95 
200x60x2.0 4000 2.03 2.03 1.85 200 60.15 20.31 
200x60x2.0 3500 2.03 2.03 1.85 200 60.15 20.31 
200x45x1.6 4000 1.56 1.56 1.48 200 45.05 14.98 
200x45x1.6 3000 1.56 1.56 1.48 200 45.05 14.98 
150x45x2.0 3000 2.11 2.11 1.89 150 44.95 14.73 
150x45x2.0 2400 2.11 2.11 1.89 150 44.95 14.73 
150x45x2.0 2000 2.11 2.11 1.89 150 44.95 14.73 
150x45x1.6 3000 1.6 1.6 1.6 150 45.12 14.89 
150x45x1.6 2400 1.6 1.6 1.6 150 45.12 14.89 
150x45x1.6 2000 1.6 1.6 1.6 150 45.12 14.89 
125x45x2.0 3500 1.98 1.98 1.98 125 45.1 14.93 
125x45x2.0 2300 1.98 1.98 1.98 125 45.1 14.93 
125x45x2.0 2000 1.98 1.98 1.98 125 45.1 14.93 
125x45x2.0 1600 1.98 1.98 1.98 125 45.1 14.93 
125x45x1.6 3500 1.62 1.62 1.62 125 45.07 14.95 
125x45x1.6 2300 1.62 1.62 1.62 125 45.07 14.95 
125x45x1.6 2000 1.62 1.62 1.62 125 45.07 14.95 
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Table 3: Details of Specimens in Test Series 2 
LSB Section Span (mm) 
Thickness (mm) 
d (mm) bf (mm) df (mm) 
Flange 
Twist 
Restraint tof tif tw 
250x75x2.5 3500 2.90 2.60 2.54 251 75 25.5 No 
300x60x2.0 4000 2.22 2.02 1.98 302 60 20.5 No 
200x45x1.6 4000 1.79 1.66 1.61 201 45 14.8 No 
300x60x2.0 3000 2.22 2.02 1.98 299 60 20 No 
200x45x1.6 3000 1.79 1.66 1.61 201 45 14.9 Yes 
150x45x1.6 3000 1.75 1.62 1.58 150 46 15.1 Yes 
150x45x2.0 3000 2.22 2.05 1.96 150 45 15 Yes 
200x45x1.6 2000 1.79 1.66 1.61 200 45 14.9 Yes 
150x45x2.0 2000 2.22 2.02 1.97 151 45 14.9 Yes 
150x45x1.6 1800 1.77 1.63 1.58 150 46 14.6 Yes 
125x45x2.0 1200 2.16 1.97 1.94 125 45 14.6 Yes 
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Table 4: Mechanical Properties of Steel Used in LSBs (MPa) 
LSB section Location 
Test Series 1 Test Series 2 
fy fu fy fu 
300 x 75 x 3.0 
LSB 
Outside Flange 528 566 - - 
Inside Flange 438 507 - - 
Web 431 503 - - 
300 x 75 x 2.5 
LSB 
Outside Flange 511 575 - - 
Inside Flange 457 535 - - 
Web 434 514 - - 
300 x 60 x 2.0 
LSB 
Outside Flange 568 635 557.7 592.9 
Inside Flange 492 557 496.3 534.2 
Web 452 537 447.1 524.2 
250 x 75 x 3.0 
LSB 
Outside Flange 506 571 - - 
Inside Flange 459 526 - - 
Web 406 511 - - 
250 x 75 x 2.5 
LSB 
Outside Flange 525 582 552.2 592.8 
Inside Flange 478 547 502.2 536.4 
Web 420 531 446 515.4 
250 x 60 x 2.0 
LSB 
Outside Flange 580 632 - - 
Inside Flange 502 561 - - 
Web 448 546 - - 
200 x 60 x 2.5 
LSB 
Outside Flange 496 548 - - 
Inside Flange 465 526 - - 
Web 388 479 - - 
200 x 60 x 2.0 
LSB 
Outside Flange 473 529 - - 
Inside Flange 439 501 - - 
Web 386 509 - - 
200 x 45 x 1.6 
LSB 
Outside Flange 478 530 536.9 587.1 
Inside Flange 442 506 491.3 542.6 
Web 381 494 456.6 537.2 
150 x 45 x 2.0 
LSB 
Outside Flange 498 547 537.6 582.3 
Inside Flange 451 508 491.8 532.4 
Web 373 507 437.1 516.4 
150 x 45 x 1.6 
LSB 
Outside Flange 540 576 557.8 604.4 
Inside Flange 483 519 487.5 549.2 
Web 430 523 455.1 539.8 
125 x 45 x 2.0 
LSB 
Outside Flange 503 547 544.1 582.2 
Inside Flange 455 508 493.4 539.3 
Web 377 496 444.4 532.3 
125 x 45 x 1.6 
LSB 
Outside Flange 549 578 - - 
Inside Flange 478 520 - - 
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300x75x3.0 -0.2591 0.03 -0.50 0.50 0.11 0.03 
300x75x2.5 -0.2556 0.03 -0.50 0.50 0.11 0.03 
300x60x2.0 -0.2556 0.03 -0.50 0.50 0.11 0.03 
250x75x3.0 -0.2591 0.03 -0.50 0.50 0.11 0.03 
250x75x2.5 -0.2556 0.03 -0.50 0.50 0.11 0.03 
250x60x2.0 -0.2556 0.03 -0.50 0.50 0.11 0.03 
200x60x2.5 -0.2600 0.03 -0.50 0.50 0.11 0.03 
200x60x2.0 -0.2567 0.03 -0.50 0.50 0.11 0.03 
200x45x1.6 -0.2567 0.03 -0.50 0.50 0.11 0.03 
150x45x2.0 -0.2615 0.03 -0.50 0.50 0.11 0.03 
150x45x1.6 -0.2567 0.03 -0.50 0.50 0.11 0.03 
125x45x2.0 -0.2615 0.03 -0.50 0.50 0.11 0.03 
125x45x1.6 -0.2567 0.03 -0.50 0.50 0.11 0.03 
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Table 6: Moment Capacity Results from Lateral Buckling Tests in Series 1 
 


















300x75x3.0LSB 4000 528 173.90 91.82 52.11 1.33 40.05 0.44 LDB 
300x75x2.5LSB 4000 511 157.90 80.69 45.00 1.34 35.31 0.44 LDB 
300x60x2.0LSB 4000 568 104.00 59.07 18.95 1.77 16.94 0.29 LDB 
300x60x2.0LSB 3000 568 104.00 59.07 23.53 1.58 19.74 0.33 LDB,LB 
250x75x3.0LSB 4000 506 132.80 67.20 51.46 1.14 33.35 0.50 LDB 
250x75x2.5LSB 4000 525 120.90 63.47 44.54 1.19 28.37 0.45 LDB 
250x75x2.5LSB 3000 525 120.90 63.47 53.77 1.09 29.85 0.47 LDB 
250x60x2.0LSB 4000 580 79.12 45.89 18.63 1.57 17.28 0.38 LDB 
250x60x2.0LSB 3000 580 79.12 45.89 22.66 1.42 18.25 0.40 LDB,LB 
200x60x2.5LSB 4000 496 70.34 34.89 22.90 1.23 17.18 0.49 LTB 
200x60x2.5LSB 3500 496 70.34 34.89 25.34 1.17 16.78 0.48 LTB 
200x60x2.0LSB 4000 473 56.17 26.57 17.68 1.23 12.98 0.49 LTB 
200x60x2.0LSB 3500 473 56.17 26.57 19.28 1.17 12.40 0.47 LDB 
200x45x1.6LSB 4000 478 36.14 17.27 6.29 1.66 5.66 0.33 LTB 
200x45x1.6LSB 3000 478 36.14 17.27 7.73 1.49 6.18 0.36 LDB 
150x45x2.0LSB 3000 498 32.01 15.94 10.26 1.25 8.44 0.53 LDB 
150x45x2.0LSB 2400 498 32.01 15.94 12.22 1.14 8.26 0.52 LDB 
150x45x2.0LSB 2000 498 32.01 15.94 14.00 1.07 9.03 0.57 LDB 
150x45x1.6LSB 3000 540 25.12 13.56 8.19 1.29 6.56 0.48 LDB 
150x45x1.6LSB 2400 540 25.12 13.56 9.61 1.19 7.01 0.52 LDB 
150x45x1.6LSB 2000 540 25.12 13.56 10.89 1.12 7.21 0.53 LDB 
125x45x2.0LSB 3500 503 23.73 11.94 8.87 1.16 7.88 0.66 LTB 
125x45x2.0LSB 2300 503 23.73 11.94 12.58 0.97 8.41 0.70 LTB 
125x45x2.0LSB 2000 503 23.73 11.94 14.01 0.92 8.45 0.71 LDB 
125x45x2.0LSB 1600 503 23.73 11.94 16.50 0.85 8.55 0.72 LDB 
125x45x1.6LSB 3500 549 19.71 10.82 7.33 1.22 6.69 0.62 LTB 
125x45x1.6LSB 2300 549 19.71 10.82 10.09 1.04 7.11 0.66 LTB 
125x45x1.6LSB 2000 549 19.71 10.82 11.09 0.99 7.55 0.70 LDB 
125x45x1.6LSB 1600 549 19.71 10.82 12.85 0.92 7.51 0.69 LDB 
 
  
- 46 - 
 
Table 7: Moment Capacity Results from Lateral Buckling Tests in Series 2 
 
















300x60x2.0LSB 3000 557.7 101.70 56.72 22.82 1.58 18.09 0.32 LDB*,LB 19.74 
300x60x2.0LSB 4000 557.7 103.10 57.50 18.68 1.75 17.17 0.30 LDB* 16.94 
250x75x2.5LSB 3500 552.2 119.00 65.71 47.83 1.17 34.13 0.52 LDB*,LB N/A 
200x45x1.6LSB 2000 536.9 39.60 21.26 11.54 1.36 10.72 0.50 LDB,LB N/A 
200x45x1.6LSB 3000 536.9 39.95 21.45 8.54 1.58 9.24 0.43 LDB 6.18 
200x45x1.6LSB 4000 536.9 39.95 21.45 6.87 1.77 5.92 0.28 LDB* 5.66 
150x45x2.0LSB 2000 537.6 32.58 17.52 14.33 1.11 10.76 0.61 LDB 9.03 
150x45x2.0LSB 3000 537.6 32.46 17.45 10.54 1.29 9.87 0.57 LDB 8.64 
150x45x1.6LSB 1200 557.8 26.79 14.94 16.65 0.95 9.29# 0.62 LDB,LB, Shear 
8.02 
150x45x1.6LSB 1800 557.8 26.79 14.94 11.89 1.12 9.30 0.62 LDB N/A 
150x45x1.6LSB 3000 557.8 26.53 14.80 8.67 1.31 8.27 0.56 LDB 6.56 
125x45x2.0LSB 1200 544.1 24.56 13.36 19.92 0.82 10.83 0.81 LDB N/A 
Note: LDB – Lateral Distortional Buckling, LTB – Lateral Torsional Buckling, LB – Local Buckling, N/A 
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Table 8: Comparison of Test Results with Design Rules 
Phase No. of  Tests 
Mu/My Ratio 
EXP/AS NZS 4600 (2005) 
Mu/My Ratio 
EXP/AS NZS 4600 (1996) 
Mean COV Φ Mean COV Φ 









Table 9: Effect of Flange Twist Restraint from Finite Element Analysis 
 
LSB Sections 
 with FTR/without FTR 
Span (mm) Mod 
(k ) 
Mu (kNm) 
300x60x2.0 LSB 3000 1.11 1.08 
200x45x1.6 LSB 
4000 1.10 1.09 
2000 1.08 1.06 
Note: FTR – Flange Twist Restraint 
   
 
 
